Abstract. This work explores the feasibility of combining anatomical MRI data across two public repositories namely, the Alzheimer's Disease Neuroimaging Initiative (ADNI) and the Progressive Parkinson's Markers Initiative (PPMI). We compared cortical thickness and subcortical volumes in cognitively normal older adults between datasets with distinct imaging parameters to assess if they would provide equivalent information. Three distinct datasets were identified. Major differences in data were scanner manufacturer and the use of magnetization inversion to enhance tissue contrast. Equivalent datasets, i.e., those providing similar volumetric measurements in cognitively normal controls, were identified in ADNI and PPMI. These were datasets obtained on the Siemens scanner with TI = 900 ms. Our secondary goal was to assess the agreement between subcortical volumes that are obtained with different software packages. Three subcortical measurement applications (FSL, FreeSurfer, and a recent multi-atlas approach) were compared. Our results show significant agreement in the measurements of caudate, putamen, pallidum, and hippocampus across the packages and poor agreement between measurements of accumbens and amygdala. This is likely due to their smaller size and lack of gray matter-white matter tissue contrast for accurate segmentation. This work provides a segue to combine imaging data from ADNI and PPMI to increase statistical power as well as to interrogate common mechanisms in disparate pathologies such as Alzheimer's and Parkinson's diseases. It lays the foundation for comparison of anatomical data acquired with disparate imaging parameters and analyzed with disparate software tools. Furthermore, our work partly explains the variability in the results of studies using different software packages.
INTRODUCTION
The Alzheimer's Disease Neuroimaging Initiative (ADNI) and the Progressive Parkinson's Markers Initiative (PPMI) are public databases with imaging data for Alzheimer's disease (AD) and Parkinson's disease (PD) respectively [1] [2] [3] . They provide an excellent opportunity to test hypotheses of pathological and systemic overlap in the two diseases. Of interest, these databases contain large samples of anatomical magnetic resonance imaging (MRI) data that can be harvested to determine degenerative patterns in AD and PD as well as the spectrum of diseases such as Lewy body disease, which show mixed pathologies [4] [5] [6] [7] . A critical barrier to conduct such a direct comparative analysis between AD and PD is the difference between acquisition protocols for the imaging sequences.
Our goal was to identify which disparate T1-weighted MR image acquisition protocols provide equivalent volumetric information. Precedence for this study is set by similar comparisons of imaging protocols based on resolution, scanner types, and scanner upgrades. Especially, studies by Han et al. and Reuters et al. support that similar image acquisitions across scanners (Siemens versus GE) may not significantly affect FreeSurfer-based cortical thickness measurements when slice thickness is <1.3 mm even if they have different signal intensity scalings [8] [9] [10] [11] . Differences due to imaging resolutions were also tested in 11 individuals by Wonderlick et al. [12] . Differences in cortical thickness with respect to other scanner manufacturers and imaging parameters such as inversion time have not yet been systematically investigated. Recently we showed, that differences in inversion times can significantly affect image segmentation, often requiring a modification to the template or reference image in the software to accommodate the difference in the tissue gray and white matter contrast [13] . We therefore present this work to evaluate the differences in cortical and subcortical measurements due to dissimilar imaging parameters (resolution and inversion times) and scanners (Siemens versus Philips) in three distinct groups identified in ADNI and PPMI.
Our second goal was to compare subcortical volume measurements from different software packages in the same subjects. Different software packages such as FreeSurfer and FSL [14] use different segmentation routines and likely produce different values. In the study, we evaluated how the output measures (subcortical volumes) relate across software packages and affect study outcomes. Multiple studies show excellent agreement between FSL and FreeSurfer, especially for larger structures. Manual tracing is still the most accurate [15] [16] [17] . In children, it has been shown that for smaller structures such as the hippocampus and amygdala, software such as FreeSurfer and FSL did not correlate strongly with manual tracings [18] , which are often timeconsuming and impractical for large datasets such as ADNI and PPMI. In this study, we compare volumes of subcortical structures using FreeSurfer and FSL in healthy older adults with no symptoms of dementia (AD or PD). Additionally, we applied a recently developed multi-atlas approach [19] , which uses multiple atlas templates to segment different brain regions. This approach has the advantage of utilizing multiple (in this case, 15) atlases to delineate brain regions with a statistical fusion algorithm to improve the accuracy of the segmentation. 
MATERIALS AND METHODS

Acquisition
Analyses
Cortical thickness measurement
We applied the standard FreeSurfer (v5.1.0) pipeline comprising of intensity-normalization, skull tissue removal, tissue segmentation, resampling to a 1 × 1 × 1 mm 3 resolution, and registration to the standard FreeSurfer brain (fsaverage). Briefly, this pipeline includes removal of non-brain tissue using a hybrid watershed/surface deformation procedure [23] , automated Talairach transformation, segmentation of the subcortical white matter and deep gray matter volumetric structures (including hippocampus, amygdala, caudate, putamen, ventricles) intensity normalization [24] , tessellation of the gray matter/white matter boundary, automated topology correction, and surface deformation following intensity gradients to optimally place the gray/white and gray/cerebrospinal fluid borders at the location where the greatest shift in intensity defines the transition to the other tissue class [25, 26] . Imperfections in tissue segmentations were corrected by manual editing. Manual editing included removing remnants of skull or adding cortical region in the temporal and occipital lobes that were cut-off by the automated segmentation. We confined thickness measurements to five cortical subdivisions: frontal, parietal, temporal, insular, and occipital. This was achieved by combining the regions from the Desikan-Killiany Atlas as outlined at https://surfer.nmr.mgh.harvard. edu/fswiki/CorticalParcellation [27] . We compared these five regional measurements between ADNI1, PPMI1, and PPMI2. To ensure that the differences were not normal variations and to overcome the issue of multiple comparisons, we performed permutations testing [28] using 5000 iterations per group and 5000 iteration per cortical region. Significance was set at p = 0.01.
Subcortical volume measurement
We then performed subcortical measurements and calculated volumes of the thalamus, caudate, putamen, pallidum, hippocampus, amygdala, and accumbens, using FIRST (part of FSL v5.0.8), FreeSurfer (v5.1.0), and multi-atlas segmentation. FIRST: We registered all T1-weighted images to the standard 1 mm MNI template in FSL. FIRST was applied to detect subcortical volumes using prior shape models [14, 29] . We compared the FIRST subcortical volumes between ADNI1, PPMI1, and PPMI2 using a similar permutations-testing approach as for the cortical thickness measurements. FreeSurfer: We used the automated subcortical parcellation in FreeSurfer to detect all the above subcortical structures based on a probabilistic atlas [24, 25] . Multi-atlas segmentations: The multi-atlas segmentation pipeline by Asman et al. uses 15 atlases to resolve voxel assignments to pre-labeled brain regions [19, 30] .
To reduce the effect of head-size variability, we normalized all the subcortical volumes for each subject with the respective intra-cranial volume (ICV, calculated using eTIV in FreeSurfer). Similar to the cortical thickness measurements, we used permutations testing to evaluate differences between ADNI1, PPMI1, and PPMI2.
Finally, we compared the subcortical measurements calculated by the three different analytical tools to determine cross-software agreement. We obtained Bland Altman plots and evaluated intraclass correlation coefficients (ICC) for consistency (also referred to as norm-referenced reliability or consistency among measurements) between the subcortical measurements of each software package [31, 32] .
RESULTS
Cortical measurements
Volumetric measurements were performed on three groups of controls subjects with T1-weighted MRI data, which was acquired using disparate imaging parameters. Mean SNR values (mean signal intensity divided by the standard deviation of the signal intensity) of the anatomical images in a uniform normal appearing white matter region (5 mm × 5 mm) for ADNI1, PPMI1, and PPMI2 were 25.34 ± 5.10, 22.48 ± 5.63, and 16.95 ± 3.39 respectively. SNR in all cortical gray matter region in ADNI1, PPMI1, and PPMI2, was 5.48 ± 0.35, 4.90 ± 0.95, and 5.34 ± 0.34 respectively while in all white matter was 4.71 ± 0.77, 4.53 ± 0.76, and 4.88 ± 0.83, respectively. SNRs were not significantly different between groups. Manual editing was performed on 3 subjects in ADNI1, 5 subjects in PPMI1, and 2 subjects in PPMI2. Table 2 summarizes the cortical thickness measurements from FreeSurfer. Measurements between ADNI1 and PPMI2 were more similar to each other (slightly larger p-values for most cortical regions) than between ADNI1 and PPMI1. Mean cortical thickness values for all subjects combined in the frontal lobe, cingulate, occipital lobe, parietal lobe, temporal lobe, and insula were 2.44 ± 0.11, 2.58 ± 0.18, 1.98 ± 0.12, 2.71 ± 0.13, 2.27 ± 0.13, and 2.92 ± 0.18 mm, respectively. In general, cortical thickness in the frontal, temporal, parietal, and occipital lobes was lower in PPMI1 compared to ADNI1 and PPMI2. In order to ensure that the differences in the lobar thickness with the three protocols is not normal variability, we performed permutations testing, which showed significant differences in the frontal (p = 0.005), occipital (p = 0.01), and parietal (p < 0.0001) lobe thicknesses between PPMI1 and PPMI2. Frontal lobe was marginally different between ADNI1 and PPMI1 (p = 0.03) and parietal lobe was marginally different between ADNI1 and PPMI2 (p = 0.02).
Subcortical measurements
Overall average (±standard deviation) volumes of the thalamus, caudate, putamen, pallidum, hippocampus, amygdala, and the accumbens of all 53 subjects were 7813 ± 872, 3447 ± 458, 4848 ± 631, 1815 ± 267, 3838 ± 497, 1410 ± 322, 442 ± 112 mm 3 respectively using FIRST. Average ICV estimation from FreeSurfer was 1429986 ± 204533 mm 3 . Normalizing by ICV, the subcortical volumes were 0.0055 ± 0.0007, 0.0024 ± 0.0004, 0.0034 ± 0.0005, 0.0012 ± 0.0002, 0.0027 ± 0.0005, 0.0009 ± 0.0002, and 0.0003 ± 0.0001, respectively. Table 3 shows the comparison of subcortical volumes between ADNI1, PPMI1, and PPMI2 using FIRST. After permutations testing, most subcortical volumes were not significantly different between the three groups. Amygdala measurements however were significantly different (p < 0.01) between groups (ADNI1 versus PPMI1: p = 0.008, PPMI1 versus PPMI2: p = 0.001). Figure 1 shows the segmentation on a representative subject using FIRST, FreeSurfer, and multi-atlas tools. Segmentation of cortical structures in the same slice is shown for one subject. The white arrows point to the discrepant segmentations of the putamen and pallidum between software packages. We used Bland-Altman plots to show whether systematic differences exist between subcortical measurements obtained with different packages. We show comparisons of three structures (i) thalamus (well visible Table 3 Subcortical volumes in ADNI1, PPMI1, and PPMI2, normalized by total intracranial volume using FIRST using gray-white matter contrast and large in size), (ii) amygdala (well visible using gray-white matter contrast and small in size), and (iii) accumbens (no visible tissue contrast and small in size) in Fig. 2 . Volumes of all large and well-defined structures such as the thalamus, caudate, putamen, hippocampus are well-correlated (ICC values between 0.64-0.85) across different software packages. Bland-Altman Plots show bias between methods (non-zero difference between measurements by two methods) for all structures. In the putamen, the difference between FreeSurfer and FIRST as well as the difference between FreeSurfer and Multi-atlas derived volumes increased with increase in the mean size thereby indicating a proportional difference i.e., as putaminal volume increased, discrepancy between FreeSurfer and Multi-atlas volumes also increased. Figure 2a shows the comparison of all three packages using correlation plots and Bland-Altman plots for a large structure, Thalamus. Figure 2b and c show similar plots for smaller structures such as the amygdala (with visible gray and white matter contrast) and the accumbens (which has no obvious gray and white matter contrast for segmentation purposes). Intra-class correlation coefficient and Fishers-Z (0.5×(ln(1+r)-ln(1-r)), where r = Pearson's correlation coefficient) for all subcortical volume measurements are noted in Table 4 . While hippocampal volume measurements were very consistent across software packages, interestingly, consensus was poor with amygdala segmentation. Bias and proportional differences were detected for all small subcortical structures (hippocampus, amygdala, and accumbens).
Agreement between software packages
DISCUSSION
In this work, we have identified data sets from the two databases; ADNI and PPMI, that provide similar volumetric measurements on healthy subjects. We also show that there is consistency between volumetric measurements calculated with FreeSurfer, FIRST, and the multi-atlas approach in most regions.
ADNI and PPMI data sets (ADNI1 and PPMI2) from the same (in this case, Siemens) scanners and identical TI values were similar. PPMI data with different in-plane resolution and manufacturer (Philips) showed differences in volumetric measures in subcortical and posterior cortical structures. While the differences in scanner manufacturers maybe a contributing factor, the observed difference is more likely due to difference in the application of magnetization inversion to enhance gray matter-white matter contrast. Other studies [8, 12] suggest that scanner differences and nominal differences in imaging resolution do not affect cortical and subcortical volume measurements. Our previous work shows that tissue segmentations with different TI values produce significantly different volumetric outcomes [13] . In this study, in the absence of inversion, with T1 of gray matter = 1100 ms, and T1 of white matter = 800 ms at 3T, the ratio of signal intensities following using a simple inversion recovery is 1.07, while at a TI = 900 ms, it is 1.69. The higher contrast between the white and gray matter are likely to result in better segmentation boundaries.
As a post-hoc test, we extended the comparison to 107 new controls subjects, with the same acquisition as ADNI1 and 20 new controls subjects with the same acquisition as PPMI2. The two groups had significantly different age (ADNI1 : 75.4 ± 5.7 years, PPMI2 : 69.7 ± 4.8, p < 0.001) and gender distributions (ADNI1 : 53M/54F, PPMI2 : 15M/5F). The thickness values in frontal, cingulate, occipital, temporal, parietal, and insular regions were 2.36 ± 0.09, 2.36 ± 0.11, 1.97 ± 0.11, 2.42 ± 0.09, 2.15 ± 0.10, and 2.60 ± 0.11 mm respectively in ADNI1 and 2.37 ± 0.12, 2.37 ± 0.15, 2.06 ± 0.11, 2.43 ± 0.13, 2.22 ± 0.12, and 2.60 ± 0.17 mm respectively. After adjusting for age and gender, there were no differences between the frontal (p = 0. Similarly, the subcortical comparisons between the new subjects from ADNI1 and PPMI2, after adjusting for age and gender showed no significant differences except in the Accumbens, which was significantly (p = 0.005) different in the two groups. Volumes of the Thalamus, Caudate, Putamen, Pallidum, Hippocampus, Amygdala, and Accumbens in ADNI1 were 6328 ± 749, 3499 ± 506, 4873 ± 626, 1380 ± 180, 3623 ± 462, 1489 ± 253, and 468 ± 88 and were 7037 ± 1131, 3510 ± 873, 4869 ± 1079, 1460 ± 268, 3750 ± 575, 1535 ± 245, and 420 ± 123, respectively, in PPMI2 (p values for Thalamus, Caudate, Putamen, Pallidum, Hippocampus, Amygdala, were 0.11, 0.20, 0.03, 0.95, 0.08, and 0.16 respectively). Therefore, it is likely that the sample size chosen for the initial comparison was not ideal for comparison of smaller structures such as the Accumbens which do not have distinct gray-white matter contrast.
Furthermore, it is likely that volumetric measurements between ADNI1 and PPMI2 are similar only for larger regions and results differ for small regions of interest. Typical volumes of the frontal, temporal, parietal, occipital lobes, cingulate gyrus, and insula are about 60,000 mm 3 , 40,000 mm 3 , 20,000 mm 3 , 10,000 mm 3 , and 5,000 mm 3 . Therefore, over a wide range of size, ADNI1 and PPMI2 provide similar measurement. In smaller region such as the parahippocampal gyrus (volume ∼ 2500 mm 3 ) with permutations testing no difference was observed between ADNI1, PPMI1, and PPMI2 (p-values are ADNI1 versus PPMI1 : 0.68, PPMI1 versus PPMI2 : 0.25, ADNI1 versus PPMI2 : 056). For the extended comparison between ADNI1 and PPMI2 as well, no statistical difference was observed after adjusting for age and gender (p = 0.92). (2c) Fig. 2 . Agreement between different software packages for subcortical segmentation. While large (>3000 mm 3 ) structures with distinct gray matter-white matter contrast such as the thalamus are well-delineated and consistent among software, segmentation of smaller structures such as the amygdala shows considerable variability and bias depending on the software used. The plots for Caudate, Putamen, Hippocampus, Pallidum were similar to Thalamus. However, the putamen showed a proportional error between FreeSurfer and Multi-atlas measurements. Accumbens, which is a small structure and has no discernible gray-white matter contrast, showed surprisingly good agreement between software packages. We acknowledge that for an ideal comparison, the same subjects should be scanned using the different scanner manufacturers and imaging parameters. We have used three groups of healthy control subjects of similar ages and sex distribution with the assumption that each group will have similar morphometric measurements. Han et al. [8] , showed in their study that cortical thickness measurements varied by 0.12 mm across scanner manufacturers (Siemens versus GE) using the same subjects [20] . Difference within the same scanner manufacturers was about 0.03. Within (Siemens) scanner difference in cortical thickness was similar in our study (0.02 ± 0.04 mm). Our results show a difference in cortical thickness between scanners (Siemens versus Philips) of 0.05 ± 0.07 mm.
In the subcortical structures, studies by the same group concluded that different scanner manufacturers did not show significant difference in the amygdala or the thalamus but there was a bias in the hippocampal measurements. In our study, there was a medium-strong correlation between subcortical measurements of most structures except the amygdala. Since the subjects in each group are different for our study, we did not measure bias using Bland-Altman plots.
We, however, assessed correlation and system bias between the different popular software packages as well as a multi-atlas segmentation approach to measure subcortical volumes. We found that there was bias between measurements made with FIRST, MultiAtlas, as well as FreeSurfer. As in the comparison of scanner manufacturers, the direction of bias was different for different structures in this comparison of software packages. Whether the observed bias is significant or not, could not be determined in this study. To do so, we would need multiple data sets and comparisons i.e., multiples of this study. This will allow us to determine if the confidence intervals for the line of mean difference, i.e., bias, if the Bland-Altman plots excluded 0.
While comparison of data from different scanner manufacturers must be done with caution, our work suggests that data from the same manufacturers from different databases (ADNI and PPMI, in this case), which is acquired with similar imaging parameters, can be compared. There are three advantages of this finding: 1) It reduces the burden of needing or acquiring more data by allowing the merge of multiple databases; 2) This result provides an opportunity to combine data to increase statistical power to detect subtle changes that may occur in the early stages of disease and may otherwise remain elusive; and 3) Specifically, for the ADNI and PPMI databases, common phenomena such as presence of APOE-e4 allele and its relative risk, concentrations of amyloid and tau, cardiovascular factors in disparate diseases such as AD and PD can now be investigated.
One limitation of this study is that while the selected subjects were cognitively normal older adults, it is likely adults with APOE-4 genetic status and varying degrees of amyloid, tau, and alpha-synuclein pathology were included and could contribute to some of the variability observed in the data. However, it is unlikely, that the variability is more prominent in one group than another.
Lastly, variance in the measurement with each software will determine the statistical power required for hypothesis testing. For instance, based on Table 4 (First 3 rows), the number of subjects required to significantly measure 15% atrophy in hippocampal volume between two groups with 80% power and false-positive rate (␣) of 0.05 would be 13, 12, and 12 with FIRST, FreeSurfer, and Multi-Atlas respectively. However, the same comparison for the amygdala would require 38, 18, and 11 subjects with FIRST, FreeSurfer, and Multi-Atlas respectively. This could likely be one of the reasons why studies using similar number of subjects but different software packages show different outcomes for the same measurement.
Conclusion
We tested the feasibility of combining anatomical imaging data from two distinct data repositories, i.e., ADNI and PPMI. Based on lobar cortical thickness measurements and subcortical volume measurements, we identified imaging datasets in ADNI and PPMI, acquired with magnetization inversion across multiple Siemens scanners that provided equivalent volumetric information. Further, we also compared the subcortical measurements using FSL, FreeSurfer, and Multi-Atlas segmentation. While a general congruence was observed between most measurements, there was significant difference between measurements of smaller brain structures with poor gray matter-white matter tissue contrast.
